Abstract: Kinematic parameters of a robotic manipulator are hard to measure precisely and the varying size and shape of tools held by the robot end-effector introduce further kinematic uncertainties.
Introduction
Transparency of a bilateral teleoperation system requires that, through appropriate control, the slave exactly reproduces the master's position trajectory in its environment while the master accurately displays the slave-environment contact force to the operator. In order to ensure the transparency of teleoperation systems while This paper appears in Mechatronics (A Journal of IFAC), 2013. http://dx.doi.org/10.1016/j.mechatronics.2013. 11.010 preserving stability, various control approaches have been proposed [1] . Most of these control approaches assume perfect knowledge of the master and the slave dynamics.
However, perfect knowledge of the master and the slave may be unavailable in practice due to model uncertainties. Therefore, adaptive control methods have been sought in the past to mitigate various parametric dynamical uncertainties [2] in a teleoperation system. In the following, we will summarize these prior schemes (sorted in the order of increased complexity).
Considering linear models for the master and the slave, an adaptive control scheme was proposed in [3] for teleoperation systems with dynamically uncertain slave and environment. In [4] , several adaptive controllers were designed for teleoperation systems with a dynamically uncertain slave. A predictive adaptive controller was employed in [5] for teleoperation systems with time delay and a dynamically uncertain environment. In all of the above, the dynamics of the master and the slave were assumed to be linear.
Considering nonlinear multi-DOF models for the master and the slave, an adaptive control scheme was proposed in [6] for teleoperation systems with dynamically uncertain master and slave. In [7] , adaptive controllers based on a virtual master model were designed for teleoperation systems. In [8] , an adaptive teleoperation control scheme was proposed to ensure synchronization of positions and velocities.
Later, it was shown in [9, 10] that the scheme in [8] could only be applied to teleoperation systems without gravity and then an improved adaptive controller was
proposed. An adaptive controller was proposed by the authors for the master and slave robots having both linearly parameterized and nonlinearly parameterized dynamic uncertainties in [11] .While all of the above consider dynamically uncertain master and slave, they do not consider possible dynamic uncertainties in the human and the environment models.
Considering nonlinear master and slave models and linear human and environment models, adaptive teleoperation controllers were proposed in [12, 13] . An adaptive control method based on the inverse dynamics approach was developed by the authors in [14] .Here, the master, the slave, the operator and the environment were all considered to be dynamically uncertain. These controllers work well for uncertain dynamics. However, in all of the above adaptive teleoperation control schemes, the kinematics of the master and slave robots are assumed to be known exactly.
Kinematic uncertainty of a robot is a practical fact and is a separate problem from dynamic uncertainty [15, 16] .The kinematics of a robot can be characterized by a set of parameters such as the lengths of links, link offsets, lengths and grasping angles of objects that the robot holds, and camera parameters if cameras are used to monitor the position of the end-effector. Kinematic parameters of a robot are hard to measure precisely. For instance, when a robot picks up objects of different lengths, unknown orientations and varying gripping points, the overall kinematics is unknown. Even if a known tool is used, the robot may not grasp the tool at the same point and with the same orientation every time. As a result of such kinematic uncertainty, the robot may not be able to manipulate the tool to a desired position. Thus, kinematic uncertainty has the potential to jeopardize the transparency of bilateral teleoperation systems.
More examples of kinematic uncertainties are illustrated in Section 4.
Although interesting adaptive controllers coping with kinematic uncertainties were proposed in [17, 18] , the results dealt with a single robot and not a teleoperation system; they did not directly address to the case of a teleoperation system in which the master/slave make contact with the operator/environment and bilateral control is involved. The contributions of this paper is in proposing a nonlinear adaptive control method for dynamically and kinematically uncertain teleoperation systems that works without the exact knowledge of the kinematics of the master or the slave, and without the exact knowledge of the dynamics of the master, the slave, the operator, or the environment. Considering the combined effects of not only the dynamic and kinematic uncertainties but also time delay in the communication channel of a teleoperation system is interesting yet beyond the scope of this paper. For a survey of teleoperation control schemes under time delay, please see [19] .
The organization of this paper is as follows. The combined models of the master/operator and the slave/environment are discussed in Section 2. In Section 3, nonlinear adaptive controllers are designed for the master and the slave robots, respectively, and the stability and asymptotic position tracking are mathematically proven. Examples of kinematic uncertainties are illustrated in Section 4. In Section 5, simulations as well as experiments are conducted to illustrate the performance of the proposed controller. The concluding remarks are presented in Section 6.
Dynamic and kinematic models of a teleoperation system
In this section, the models of the operator and the environment are incorporated into the models of the master and the slave, respectively, to obtain a combined model of the entire system.
Nonlinear dynamic models of the master and slave in joint space
The nonlinear dynamic models of an n -DOF master robot and an n -DOF slave robot in joint space are 
Linear dynamic models of the operator and environment in task space
The dynamics of the human operator and the environment are naturally specified in the task space where they make contact with the master and the slave robots. For the operator and environment, the following second-order LTI models have been successfully used in the past [12, 13] :
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End-to-end teleoperation system model in joint space
To this end, substituting (3)- (6) into (7)- (8) 
where Property 4. For
The detailed proof of Property 4 can be found in Appendix 1.
Control of a dynamically and kinematically uncertain teleoperation system
In this section, nonlinear adaptive controllers are designed for the master and the slave robots with dynamic and kinematic uncertainties. We also study the stability of the system and the position tracking performance between the master and slave via a Lyapunov function analysis.
3.1Dynamic and kinematic uncertainties in teleportation systems
In the presence of parametric uncertainties in the dynamics, the left sides of (11) and ( 
where ˆ, On the other hand, when the kinematic parameters of the master and the slave are uncertain, the Jacobian matrices experience parametric uncertainties, which means that (4) becomes 
Proposed adaptive teleoperation control architecture
The proposed adaptive control is expected to achieve master/slave position tracking irrespective of the dynamic and kinematic uncertainties described in Section 3.1. The principle of PEB (position-error-based) teleoperation control [21] is to minimize the difference between the master and the slave positions while reflecting a force proportional to this difference to the operator once the slave makes contact with an environment. In such a way, teleoperation transparency can be achieved via PEB architecture. Our proposed adaptive PEB teleoperation system is shown in Fig. 1 .
Adaptive controllers are designed for the combined master/operator system and the combined slave/environment system assuming the master, the slave, the human operator, and the environment are dynamically uncertain and the master and the slave are kinematically uncertain. 
Design of nonlinear adaptive controller
First, define two new vectors in joint space for the master side and the slave side: 
Substituting (20)- (21) into (11)- (12) 
where 
The proposed control algorithm is composed of three parts: control laws, dynamic update laws, and kinematic update laws. In the following, we list each of these.
• Control laws for the master and the slave:
where m K and s K are symmetric positive definite matrices,ˆm m s
• Dynamic update laws:
• Kinematic update laws:
L L L and sk L are symmetric and positive-definite matrices.
Each of the control laws (24)- (25) Substitute (24)- (25) into (22)- (23) to obtain the dynamics for the closed-loop teleoperation system as bounded. Now, let us go back to (9)-(10). Generally, in (9)-(10) the environment is assumed to be passive, i.e., * 0 e = f [21] , and the exogenous force of the human operator * h f is subject to 
Remark 1:
In (17), we use the estimated Jacobian matrices 
Examples of kinematic uncertainties
In this section, we consider a two-link, revolute-joint robot to illustrate three typical examples that involve kinematic uncertainties [17] [18] .
First, we know that the dynamics of a two-link, revolute-joint robot is [20] 2  2  2  2  2  1 2 2 2  1  1  2  2  2  1 2 2 2  2  2  2  2  1 2 2 2  2  2   1 2 2 2 2  1 2 2 As for kinematics, here are three examples that involve kinematic uncertainties. If cameras are used to monitor the position of the end-effector, the task space is defined as the image space (in pixels).For a two-link planar robot with a camera in an eye-in-hand configuration [26] as shown in Fig.4 , the image Jacobian matrix [27] is given by
where f is the focal length of the camera, z is the perpendicular distance between the robot and the camera, and 1 
Thus, the Jacobian matrix from the joint space to image space is obtained as 
Therefore, kinematic uncertainty exists when one or more of the constants 1 l , 2 l , f ,
β and/or 2 β are uncertain.
For simplicity, we will focus on Example 1 as a kinematically uncertain robot in the simulations and experiments studies in Section5.
Simulations and Experiments
In this section, simulations as well as experiments are conducted to compare the position and force tracking performance of our proposed scheme with that of the adaptive teleoperation control scheme in [6] which is meant to deal with dynamic uncertainties but not kinematic uncertainties.
Simulations
In the simulations both the master and the slave are considered to be two-DOF, two-link, revolute-joint planar robots as shown in Example1. For simplicity, it is assumed that the robots are in a horizontal plane such that gravity can be ignored. The parameters of the robots, operator, environment and the controllers are given in Table1 and Table 2 . Table 2 . Parameters of the controllers
Simulations in contact motion
In the case of contact motion, for the operator and the environment models, let us take , , , y-direction good force tracking can be achieved with our proposed scheme while that is not the case with the scheme in [6] . Regarding the force error in x-direction, although there are errors in both of the schemes, the force error in the proposed control scheme is smaller overall. 
Simulations in free motion
In free motion there is no contact force, i.e., 
5.2Experiments
Experiments are also conducted to compare our proposed adaptive control scheme with the one in [6] . The experiments are performed with two identical 2-DOF planar rehabilitation robots manufactured by Quanser, Inc., Canada and the experimental setup is shown in Fig.9 , where the rehabilitation robot on the left is used as the master and the one on the right is used as the slave.
Fig. 9. Experimental teleoperation setup
More details about rehabilitation robot can be found in [28] and here we focus on its dynamics and kinematics (24)- (25) and in the kinematic update laws (28)-(29) are transformed into another equivalent forms [17] as: (
. Then the control gains are selected as Table 4 . Table 4 . Selection of control gains It can be seen from Fig. 10 (a) that with our proposed method the position tracking performance in both x-direction and y-direction are good. In x-direction, within 1 second the position error converges to zero and in y-direction it takes slightly over 1 second to converge. However both of them take a few seconds to become stationary.
Comparatively, using the adaptive control scheme in [6] , the position error in
x-direction between the master and the slave is obviously much bigger as shown in Fig.11 . On the other hand, as for y-direction, we can also clearly see from Fig.11 that the slave cannot track the position of the master and the position error in this direction can never converge to zero. Generally speaking, the main reason for such a result is that the adaptive control scheme in [6] only aims at dynamic uncertainties but not kinematic uncertainties (i.e., mk L and sk L are equal to zero in [6] ), while our proposed adaptive control can effectively deal with kinematic uncertainties with the help of the kinematic update as shown in Fig.10(b) .
Besides, as we focus on free motion in the experiments, there is no contact force, the system that is harder to handle. So the results shown here are a compromise after a number of trials. This finding is in accordance with the fact that a key point in adaptive control is that the output tracking error is expected to converge to zero regardless of whether the input is persistently exciting or not. In other words, one
should not necessarily need parameter convergence for the convergence of the output tracking error to zero -this is a point evident in the experiments as shown in Fig.10(b) .
Concluding Remarks
In this paper, we have proposed a novel adaptive nonlinear teleoperation control scheme that works without exact knowledge of either the dynamics of the master, the slave, the operator, and the environment, or the kinematics of the master and the slave, allowing for a high degree of flexibility in dealing with unforeseen changes and uncertainties in the master and slave robots' kinematics and dynamics. The stability and asymptotic zero convergence of the closed-loop system is mathematically proven and confirmed through simulations as well as experiments on a bilateral teleoperation test-bed of rehabilitation robots.
Interestingly, we further find that the adaptive control laws proposed in this paper can encompass previous adaptive teleoperation control laws as its special cases.
Indeed, when the teleoperator is in free motion, i.e., 
